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Abstract 
This work investigates the morphological features of porous carbon membranes and operation 
effects for the percrystallisation of NaCl. The carbon membranes were prepared by dip coating of 
-alumina tubes in a sucrose solution, followed by a post vacuum-assisted impregnation and 
carbonisation in an inert gas atmosphere. The carbonisation temperature played an important role, 
as the highest pore volume and wet contact angle were achieved at the highest carbonisation 
temperature of 750 °C. In turn, this created hydrophobic carbon membranes delivering the highest 
water flux of 33 L m
-2 
h
-1
 (NaCl 17.5 wt%) and NaCl flux of 6.9 kg m
-2 
h
-1
. The solvent (water) and 
the solute (NaCl) crystals were separated in a single-step in a wet thin-film formed on the permeate 
face of the membrane under pervaporation conditions, delivering almost pure water (>99%) and dry 
NaCl crystals. The carbon membrane with the highest water flux delivered the smallest NaCl 
crystallite sizes, the smaller particle sizes, and the narrowest particle size distribution (< 2 µm). This 
was attributed to the fast water evaporation rate from the wet thin-film, as crystal growth rate was 
reduced and NaCl particle aggregation was restricted. A finer control of NaCl crystallite and 
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particle size was achieved by tailoring the morphological features of the carbon membranes and 
operating at the lowest vacuum pressure.  
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1. Introduction  
Crystallisation is an important industrial process which is widely used to separate a dissolved solute 
from the solvent by solidification of the solute [1-2]. Crystallisation processes are extensively used 
in pharmaceutical, food and mining industrial processes [3, 4]. Historically, evaporative and cooling 
crystallisation are some of the earliest documented crystallisation process and among the simplest 
technologies. For instance, the production of sodium chloride (NaCl) has been carried out 
historically using evaporation ponds [5]. The drawbacks of these simple crystallisation technologies 
are the slow production rates which are dependent on the local environment, in addition to large 
infrastructure [6-8].  
 
Membrane crystallisation has attracted the attention of the research community in the last two 
decades due to the development of novel polymeric membranes with a tight pore size control which 
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allows for selective mass transfer [9-11]. Membrane crystallisation has shown to be able to improve 
the energy requirement dilemma of evaporative crystallisation, thus consuming less energy. In 
addition, membrane crystallisation delivers feasible crystal production rate and have additionally 
shown potential for processing high value products such as pharmaceutical products and proteins 
[12-15]. However, membrane crystallisation inherently produces crystals on the feed side of the 
membrane, which adds two additional processing steps to attain dry solute (filtering and drying), 
and increases system complexity and plant size [10, 16]. 
 
Recently, Motuzas and co-workers [17] demonstrated for the first time a novel continuous 
crystallisation process based on inorganic carbon membranes, called membrane percrystallisation. 
This process differentiates from the conventional membrane crystallisation. In membrane 
percrystallisation, the solution permeates through the porous structure of the inorganic membrane 
and forms a wet thin-film on the permeate face of the membrane. During percrystallisation, this wet 
thin-film is essential for the fast crystallisation and water evaporation, whilst separating the solute 
from the solvent in a single step process only. The percrystallisation membranes proved to be 
effective for processing food and pharmaceutical compounds, in addition to mineral salts and 
organic acids [17]. This achievement was only possible via the preparation of carbon using a 
vacuum-assisted process [18, 19], which allowed for the impregnation of the carbon precursor 
solution into the porous substrate. 
 
In the case of polymeric membrane crystallisation, there is already a significant body of work on 
control parameters. For instance, retention time of crystals in a hybrid membrane crystallisation 
system affected crystal size [20]. Increases in feed temperature resulted in a decrease in crystal size 
distribution, associated with thermodynamic and kinetic factors [20, 21]. Other reports show that 
the use of antisolvent can be an effective tool to control the crystal size distribution (CSD) in 
membrane crystallisation [22]. Contrary to membrane crystallisation, membrane percrystallisation 
4 
 
is a novel process where membrane morphological and operating parameters are not well known, 
and further research is warranted. 
 
Therefore, this work investigates the morphological features and operational parameters affecting 
the control of NaCl crystallite and particle size distribution. In this study, sucrose membranes were 
carbonised in inert gas from 600 to 750 °C and assessed for the percrystallisation of a NaCl (17.5 
wt%) solution under various permeated vacuum pressures. The morphology of the carbon 
membranes were characterised by mercury porosimetry, wet contact angle and SEM analysis. The 
membranes were tested for both water permeation and NaCl percrystallisation. The formed NaCl 
particles were analysed statistically using SEM images, and the crystallite sizes were determined by 
XRD analyses. The morphological features of the membranes were correlated to the membrane 
performance and the produced NaCl particles and crystals. 
 
2. Experimental 
2.1 Membrane preparation and characterisation 
Solutions were prepared by dissolving 20 wt% sucrose (>99.8%, Chem-supply) into demineralised 
water which was sonicated for 30 min. Subsequently, the sonicated solution was used for dip 
coating of tubular -alumina substrates (Ceramic Oxide Fabricators, Australia) with a mean pore 
size of 0.1 µm. The total length of the -alumina tube used in this work was 5.5 cm, a length 
limited by the experimental equipment. As both ends of the tube were glazed to form a sealed 
surface for connection with silicone tubing, the effective membrane dimensions were ~3 cm in 
length, 1 and 0.45 cm external and internal diameters, respectively. Dip coating was carried out on 
the outer shell of the -alumina tube. The tube was inserted into the solution for 3 min dip time, 
followed by a withdrawal from the solution at speed of ~31 cm min
-1
. Upon withdrawal, the coated 
tube was exposed to a vacuum pressure (<1.3 mbar) via the inner shell for 5 min. This allowed for a 
partial impregnation of the coated thin-film into the -alumina tube. The membranes were dried 
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overnight in an oven at 60ºC. The dry sucrose membranes where then carbonised in an inert 
nitrogen atmosphere at three different temperatures (650, 700 and 750 ºC), using heating and 
cooling rates of 5 ºC min
-1 
and a dwell time of 4 h at the highest temperature. 
 
Mercury porosimetry was carried out on a Micromeritics AutoPore IV9500 to quantify pore size 
distribution and pore volumes of the membranes. Pressure values were used to calculate pore sizes 
according to the Washburn equation (assuming cylindrical pores) and a mercury contact angle of 
154.9° for carbon [23]. The maximum pressure applied was 415 MPa (4150 bar), corresponding to 
a pore size of 3.5 nm. The morphological features of the membranes were analysed by scanning 
electron microscope (SEM) using a Jeol JSM-7001F SEM with a hot (Schottky) electron gun and an 
acceleration voltage of 5 kV. 
 
Pure carbon materials, produced by drying a sucrose sol followed by carbonisation, were also 
analysed by X-ray diffraction (XRD) and contact angle measurements. XRD analysis was carried 
out using a Rigaku Smartlab X-ray diffractometer at 45 kV and 200 mA, with step size of 0.02° and 
speed of 4°min
−1
 with filtered Cu K radiation ( = 1.5418 Å). Contact angle measurements were 
determined by using an Andostar digital microscope A1 and by placing water droplets on the 
surface of carbonised sucrose. Thermo-gravimetric analysis (TGA) was conducted on a TGA-DSC1 
(Mettler Toledo) using an inert nitrogen gas at a flow rate of 60 mL min
-1
 and a heating ramp rate of 
10 ºC min
-1
.  
 
2.2 Membrane testing and NaCl characterisation 
Fig. 1 shows a schematic representation of the percrystallisation setup used in this work. NaCl feed 
solution was prepared by dissoving a desired amount of NaCl (99.7%, Chem-supply) to 
demineralised water. The solution was heated to 37ºC and fed through the inner shell of the 
membrane tube via a peristaltic pump with a flow rate of 4.1 L h
-1
 to maintain steady state 
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conditions and to minimize concentration polarization. The retentate of the feed solution was 
recycled back to the feed solution in the beaker. A Büchner flask was used as a container to house 
the membrane. The flask was connected to a vacuum pump in a line that contained a cold trap 
(liquid nitrogen) and a needle valve to control the vacuum pressure. The percrystallised solute 
(NaCl) was collected in the Büchner flask that served the purpose as a solute collection chamber, 
while the solvent (water) condensed in the cold trap. The needle valve between the vacuum pump 
and the cold trap was used to adjust the operating vacuum pressure (18, 22, and 26 mbar) in the 
flask.  
 
The collected NaCl in the flask was dissolved in demineralised water in order to quantify the salt 
production rate by measuring the solution conductivity using standard curves of concentrations vs 
conductivity. The collected permeate in the cold trap was also analysed by conductivity 
measurements to quantify the purity of the produced water. The NaCl crystals were also collected 
from the flask to determine their morphological features. XRD analysis was carried out and the 
Scherrer equation was used to determine the NaCl crystallite size based on the obtained XRD 
patterns. SEM analyses were performed to determine the NaCl particle sizes and histograms were 
determined based on 44 measurements to determine sample particle size and particle size 
distribution. 
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Fig. 1. Schematic of the percrystallisation setup used for one-step separation of NaCl and water; a) 
hot plate, b) feed solution, c) liquid pump, d) pressure transducer, e) vacuum chamber inside a 
Büchner flask, f) cold trap, g) needle valve, h) vacuum isolation valve and i) vacuum pump. 
 
3. Results and Discussion  
Fig. 2a shows the mass loss of the sucrose sol as a function of temperature under inert nitrogen 
atmosphere. There is a steep 60% mass loss from 200 to 300 C. This mass loss is associated with 
the release of              and     during the pyrolysis (carbonisation) of sucrose [24]. From 400 
to 800 C, the mass loss greatly reduces around ~14% only, thus indicating the loss of oxygenated 
groups in sucrose [25]. Fig. 2b displays the XRD patterns of the sucrose samples carbonised at high 
temperatures. The XRD patterns at 224° and 43 are assigned to turbostratic carbon with the 
Miller indices (00 ) and (10ℓ) [26].  The contact angles in Fig. 2c reveal similar values of 107 for 
carbonisation temperatures at 650 to 700 C, though it increased to 118 as the carbonisation 
temperature was raised to 750 C. As all the contact angles values are > 90, they demonstrate that 
the carbonised sucrose is indeed hydrophobic, and the increase in the contact angle from 107 to 
118 indicates that hydrophobicity has increased. This can be associated to the continuous mass loss 
at the highest temperatures, suggesting further removal of organic groups from the carbonised 
sucrose. These organic groups tend to cluster water molecules in carbon structures [27], and the 
P
a)
b)
c)
d)
e) f)
g)
h)
i)
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absence of these groups improved carbon hydrophobicity. These results are also in line with the 
XRD patterns, as a minor change towards graphitisation tends to increase hydrophobicity as 
reported elsewhere [28]. 
  
 
Fig. 2. (a) Mass loss curve of carbonisation of sucrose under inert atmosphere; (b) XRD patterns 
and (c) contact angle measurements for sucrose carbonised at various temperatures. 
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Fig. 3. SEM images of the cross-sections of (a) pristine -alumina substrate and carbonised sucrose 
membranes at b) 650 ºC, c) 700 ºC and d) 750 ºC. 
 
Fig. 3 displays the SEM images for the cross section of the -alumina substrate (Fig. 3a) and 
carbonised sucrose membranes. A carbon film with a thickness in the range of 6-12 µm is clearly 
observed in Fig. 3b for the membrane carbonised at 650ºC. This carbon film forms a top-layer (on 
the outer shell of the tube) with good adhesion and partial infiltration into the -alumina substrate. 
This morphology is attributed to two-step coating strategy used in this work. The first coating step 
corresponds to the contact of the sugar solution with a dry porous ceramic oxide substrate. This 
caused initial high capillary forces, and the liquid solution is immediately drawn into the substrate 
(spontaneous liquid imbibition within the pores) induced by the wetting force [29]. Upon reaching 
equilibrium, the wetting force becomes less significant [29] and further solution penetration into the 
porous substrate ceased. This first coating step results in the formation of a top-layer on the support 
surface with only shallow solution penetration into the porous substrate during the dip-coating 
process. The second coating protocol, induced by the applied vacuum pressure on the inner shell of 
the membrane tube, results in the drawing of the sucrose solution from the outer shell deeper into 
the substrate. This is evidenced by the formation of carbon films with total thickness up to 12 µm as 
observed in Fig. 3b. However, by increasing the carbonisation temperature to 700 ºC, the visual 
appearance of the carbon film morphology changed (Fig. 3c) and became a very porous material 
once the carbonisation temperature reached 750 ºC (Fig. 3d). Although the carbon film is less 
obvious in Fig. 3d, its cross section morphology differs from that of the pure -alumina substrate. 
The latter is characterised by white rounded shaped -alumina particles, whilst the former shows 
darker coated particles stemed from the infiltration and carbonisation of sugar solutions. 
 
The morphological features of the carbonised sucrose membranes were analysed by mercury 
porosimetry. Fig. 4a shows a narrow pore size distribution between ~0.11 and ~0.05 µm. Contrary 
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to this, the carbonisation temperature played an important role as the total pore volume increased 
with temperature as displayed in Fig. 4b. As sucrose filled the -alumina pores (inter-particle 
space) during impregnation, porosity is developed during the carbonisation process. This is 
evidenced by the mass loss attributed to sucrose’s oxygenated groups as ascertained by TGA 
analysis (Fig. 2a). The continuous mass loss as the carbonisation temperature increases from 700 to 
750 ºC causes further morphological re-arrangement leading to a visually more porous structure as 
observed in the SEM image (Fig. 3). Therefore, the measured pore volume for the carbonised 
sucrose membranes in Fig. 4b matched well the SEM observations in Fig 3. 
 
Fig. 4. Mercury porosimetry data (a) pore size distribution and (b) accumulated pore volume for the 
carbon membranes obtained at 650, 700 and 750 ºC. 
 
Fig. 5 shows that both fluxes of NaCl and water increased as a function of the carbonisation 
temperatures used to prepare the membranes. For instance, the water fluxes increased by 27% from 
26 to 33 L m
-2 
h
-1
, while NaCl by 12% from 6.2 to 6.9 kg m
-2 
h
-1
, as the carbonisation temperature 
was raised from 650 to 750 ºC, respectively. These results are consistent with the fact that the 
carbonisation temperature was found to affect the morphological features and surface interaction of 
the carbon membrane, as revealed by the mercury porosimetry and contact angle experiments, in 
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addition to the SEM observations. These findings confirm the correlation that as pore volume 
increases, so does the water production rates. Further, the increase of contact angles (Fig. 2) 
correlates well with the increase of water fluxes, in line with reports by Dumée et al. [30]. As 
percrystallisation essentially occurs at the wet tin-film interface as proposed by Motuzas and co-
workers [17], increasing the water flux evaporated from the wet thin-film translates into higher 
NaCl percrystallised flux, in line with the results in Fig. 5.  
  
Fig. 5. NaCl and water fluxes as a function of the membrane carbonisation temperature (650, 700 
and 750 ºC) at a permeate pressure of 18 mbar. 
 
In all experiments, the carbonised sucrose membranes were tested for 120 h resulting in constant 
performance (water and NaCl fluxes) throughout. Further, the water collected in the cold trap was 
analysed and resulted in almost pure water (> 99%). These results confirm that the carbonised 
sucrose membranes were able to separate solvent (water) from solute (NaCl) in a single step 
separation process, a characteristic of the novel membrane percrystallisation process. This type of 
application is industrially very attractive, particularly for crystallisation processes where solvent 
recovery is a key point to reduce operational costs or to comply with strict environmental 
regulations such as zero liquid discharge. Notably, the very high water flux of 33 kg m
-2 
h
-1
 (NaCl 
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17.5 wt%) in Fig. 5 was aimed at solidification of NaCl instead of water purification. However, this 
values is higher than those of 20-28 L m
-2
 h
-1
 [31] delivered by industrial reverse osmosis (RO) 
membranes with a much lower feed NaCl concentration of 3.5 wt%. The feed NaCl 17.5 wt% 
concentration used in this work would generate an osmotic pressure over 135 bar, well beyond the 
RO plant operation capabilities. In addition, the high water fluxes in this work are also much higher 
than those obtained in pervaporative desalination using inorganic membranes operating at higher 
temperatures and lower NaCl feed concentration such as 22.9 L m
-2
 h
-1
 for cobalt oxide silica 
membranes (7.5 wt% at 60 ºC) [32], 25.4 L m
-2
 h
-1
 for carbon alumina membranes (3.5 wt% at 75 
ºC) [33] and 9.2 L m
-2
 h
-1
 for hybrid carbon silica membranes (15 wt% at 60 ºC) [34]. This great 
performance of the carbonised sucrose membranes for pure water recovery proved to be a bonus for 
using this technology to crystallise solutes whilst recovering the solvent. 
 
As the best performance in terms of water and NaCl fluxes was delivered by the membrane 
carbonised at 750 ºC, this membrane was further tested to investigate the effect of the vacuum 
pressure in the permeate side. Fig. 6 shows that by increasing the pressure from 18 mbar to 26 
mbar, the water flux reduced by 15% from 32 to 27 L m
-2
 h
-1
, and the NaCl flux also decreased by 
8% from 6.8 to 6.2 kg m
-2 
h
-1
. These changes in fluxes are commensurate with the reduction of the 
driving force for water evaporation from the wet thin-film formed on the surface of the carbon 
membrane on the permeate side (outer shell). An interesting finding of this work was that 
percrystallisation ceased for vacuum pressures above 28 mbar where flooding on the permeate side 
occurred. In other words, a wet thin-film was no longer attained. In this situation, instead of dry 
NaCl crystals being ejected from the membrane surface and water being evaporated, large blobs of 
water and salt together were ejected and collected in the Büchner flask. This finding strongly 
suggests that both the carbon membrane morphological features and the vacuum pressure play a 
fundamental role in modulating the wet thin-film on the permeate face of the membrane where 
percrystallisation occurs. If the vacuum pressure is not low enough, then the water evaporation rate 
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from the wet thin thin-film is lower than the permeation rate of the solution from the feed side to the 
wet thin-film in the permeate side. Under these conditions, excess solution started flooding the 
permeate side, which conferred unattainable conditions for the single-step NaCl crystallisation and 
water evaporation. 
 
Fig. 6. NaCl and water fluxes as a function of permeate operating pressures (18, 22 and 26 mbar) 
for a membrane carbonised at 750 ºC. 
 
Fig. 7 presents SEM images of the dry NaCl crystals recovered at the end of the percrystallisation 
tests. The first general trend is that the membrane with the higher carbonisation temperature 
induced NaCl crystals morphological changes. For instance, the crystals produced by the membrane 
carbonised at 650 ºC shows fairly regular particles with near cubic shapes. By raising the 
membrane’s carbonisation temperature to 700 ºC, the structure of the crystals became irregular and 
more inter-grown. For the highest carbonisation temperature of 750 ºC, crystals shapes were less 
defined and more agglomerated. The histograms in Fig. 7 display average particle sizes of 2.8, 2.65 
and 0.76µm for the carbonised membranes at 650, 700 and 750 ºC, respectively. The membrane 
carbonised at 650ºC yield large number of NaCl particles between 1-3 µm in size, though also 
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producing a small number of larger particles and skewing the distribution to a higher particle size 
average. The membrane carbonised at 700ºC predominantly delivered particles between 1-2 µm in 
size, whilst a wider spread of particle size distribution is observed. The membrane carbonised at 
750ºC produced particles significantly different in terms of both particle sizes (< 1 µm) and size 
distribution. Indeed, the majority of the particle sizes are fairly well distributed around the mean 
value (0.76 µm). 
 
Fig. 7 SEM pictures and corresponding histograms of NaCl particles produced by percrystallisation 
as a function of membrane’s carbonisation temperature. Percrystalisation conditions: 18 mbar 
permeate pressure, feed solution temperature at 37ºC and NaCl concentration of 17.5 wt%. 
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Fig. 8 SEM pictures and corresponding histograms of NaCl particles produced by percrystallisation 
at various operating pressures and using a carbon membrane (carbonised at 750°C). 
Percrystallisation conditions: feed solution temperature at 37ºC and NaCl concentration of 17.5 
wt%. 
 
The morphology of the dry NaCl crystals was also affected by the vacuum pressure as displayed in 
the SEM images in Fig. 8. It is clearly observed that the particle sizes became more regular and 
their shape better defined as the operating pressure is increased, with the particles obtained at 18 
mbar having the most irregular morphology. The particles formed at 22 mbar show a more regular 
and cubic structure compared to those produced at 18 mbar, though particles with a non-regular 
shape were also observed. At the highest operating pressure of 26 mbar, NaCl crystals are generally 
regular in shape, thus conforming to a cubic structure. The histograms in Fig. 8 reveal mean particle 
sizes of 0.76, 10.95 and 7.4 µm for NaCl obtained at 18, 22 and 26 mbar, respectively. There is a 
significant difference between all three size distributions, clearly evidencing the effect of 
operational pressure in the formation of NaCl particles. However, the size distribution curves of the 
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particles obtained at 22 and 26 mbar can be considered as similar in the sense that outliers sizes 
(observed in all cases) are skewing the distribution to larger values (right side). Of particular 
interest are the particles formed at the lowest vacuum pressure (18 mbar). This lowest operating 
pressure produced the narrowest particle size distribution as compared to the wider values obtained 
at 22 and 26 mbar vacuum pressures. 
 
The histograms in Figs. 7 and 8 confirms the formation of very small NaCl particles with sizes 
below 8 µm for the membranes prepared 650°C and 700°C and even lower at 2.5 µm for the 
membrane carbonised at 750 ºC. For the latter, an increase of the vacuum pressure up to 26 mbar 
led to the formation of larger NaCl particles reaching 35 µm. Nevertheless, these particle sizes are 
still one to two orders of magnitude smaller than those reported for polymeric membrane 
crystallisation with particle sizes of 20-200 µm and 300-1000 µm [9, 35]. Therefore, the membrane 
percrystallisation results in this work produced smaller NaCl particles with a narrower size 
distribution compared to those produced by polymeric membrane crystallisation. In other words, 
membrane percrystallisation offers a finer control for the production of NaCl crystals.  
 
Statistical analyses were carried out based on two sample t-tests for the particles formed as a 
function of the membrane carbonisation temperature and operating vacuum pressure. Table A1 (see 
appendix) reveals that there is no statistical evidence to support the difference in size between the 
NaCl particles produced by the membranes carbonised at 650 and 700 ºC. In the case of the 
membrane carbonised at 750ºC, Table A1 shows that the NaCl particles produced are statistically 
different from those obtained with the other membranes carbonised at lower temperatures. Table A1 
also confirms that statistically different NaCl particles sizes were produced by changing the 
operating pressures.  
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Fig. 9 displays the XRD patterns of the NaCl particles produced using membranes carbonised at 
different temperatures. All the XRD patterns are almost identical in peak positions. There are two 
major peaks at 2 31 and 45°, and several minor peaks at 2 28, 54, 56, 66, 75 and 83°. Based on 
the XRD patterns, the NaCl particles are assigned to a cubic (Fm-3m) structure with space group 
number 225 (pdf file 01-077-2064). The only difference between the patterns is a slight increase of 
the peak intensities as a function of the carbonisation temperature of the membranes. 
 
 
Fig. 9. XRD patterns of NaCl crystals produced by percrystallisation with sucrose derived 
membranes carbonised at 650, 700 and 750°C. 
 
An interesting aspect of the above results is that there is a relationship between the membrane 
morphology and the size of crystallites. The latter was determined by applying the Scherrer 
equation to the XRD patterns in Fig. 9. The first relationship in Fig. 10a shows the evolution of 
crystallite sizes with the membrane pore volume, as determined by mercury porosimetry (Fig. 4a.). 
The second relationship in Fig. 10b shows the evolution of the measured water flux (Fig. 5.) versus 
membrane pore volume. These results clearly show that the NaCl crystallite size decreases and 
water flux increases as a function of the membrane pore volume. These relationships explain that 
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larger membrane pore volumes are able to transport more solution to the permeate face of the 
membrane where a wet thin-film is formed and percrystallisaton of NaCl takes place. As the water 
flux increases, so does the water evaporation which in turn induces an increase in the 
supersaturation index of NaCl in the wet thin-film. Consequently, faster nucleation rates impact 
crystal growth rates and causes the formation of smaller crystals [21]. This is the reason why 
crystallite sizes are smaller for the membranes delivering the highest water fluxes. 
 
Fig. 10. (a) NaCl crystallite size versus pore volume and (b) water flux versus pore volume for 
sucrose membranes carbonised at various temperatures. 
 
The effect of water flux on the NaCl particle size formation was also investigated based on the 
membrane carbonisation temperature and operating vacuum pressure. Fig. 11a shows a relationship 
between NaCl particle size and water flux, where a fine control in average particle size is 
demonstrated for the membrane carbonised at 750 °C. As this membrane delivered the highest 
water flux, it formed the smaller particle sizes as well as a narrow particle size distribution. Fig. 11b 
shows the effect of permeate vacuum pressure on the formation of NaCl particle size. It seems that 
there is a need for a breakthrough condition as once permeate vacuum pressure is sufficiently low, 
particle sizes decrease noticeably. Again the finest particle size control is obtained at the highest 
water flux, which in this case is associated with the highest driving force for the lowest vacuum 
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pressure at the permeate side. These results suggest that at the highest water flux, water evaporation 
from the wet thin-film on the permeate face of the membrane is very fast that NaCl crystals have 
short time to agglomerate only before being ejected. As a consequence, higher water fluxes tend to 
yield smaller particles, contrary to lower water fluxes which allow more time for NaCl crystals 
clustering and forming larger particles. 
 
 Fig. 11. NaCl particle size versus water flux (a) for the sucrose membrane carbonised at various 
temperatures and tested at 18 mbar, and (b) for sucrose membranes carbonised at 750 °C and tested 
at various pressures.  
 
4. Conclusion  
This work demonstrates the versatility of carbon membrane percrystallisation as a technology for 
the production of crystalline products with specific quality requirements. By differentiating 
membrane structure, it was possible to tune particle size, morphology, and crystallite size of 
produced NaCl crystals. Variations of operating pressures were less sensitive to NaCl particle size 
control until a sufficiently low permeate vacuum pressure was set, where a breakthrough condition 
for fine particle size was attained. The finer control of NaCl crystallite size, particle size and 
narrower particle distribution (<2 µm) was achieved with the membrane carbonised at the highest 
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temperature of 750 °C. This membrane carbonisation temperature conferred the highest pore 
volume, and in turn the highest water flux. As NaCl percrystallisation occurred at the wet thin-film 
on the membrane face at the permeate side, the fast water evaporation rate enhanced nucleation and 
crystallisation. Under fast water evaporation rate, NaCl crystals were ejected from the membrane 
surface, thus reducing their particle aggregation and restricting the crystal growth. The 
morphological features of the carbon membranes played an important role in controlling 
percrystallisation process, in addition to tuning the particle size and crystallite size of NaCl. These 
are important parameters to spur the novel membrane percrystallisation technology to other 
industrial applications.   
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Appendices  
Table A1. Compilation of t-tests for average NaCl particle sizes based on the membrane 
carbonisation temperature or operating pressure conditions. 
Membrane  Comparison  p-value 
650ºC:700ºC 0.67 
650ºC:750ºC 3.1E-11 
700ºC:750ºC 4.8E-08 
18mbar:22mbar 2.2E-16 
18mbar:26mbar 7.7E-11 
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22mbar:26mbar 2.9E-03 
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Highlights 
 Morphological features and operation affect NaCl particle and crystallite size. 
 NaCl particle size decreases as the carbon membrane pore volume increases. 
 NaCl crystallite size decreases as operating vacuum pressure decreases.  
 Particle size (<2 µm) reduced by a factor of 10 at the highest water fluxes. 
 Good correlation with water fluxes, leading to fast nucleation and crystallisation. 
 
 
